The preparation of a tritiated radiotracer that was used in the radioimmunoassay of naringin (naringenin-7-0-a-rhamnosyl-(1-2),e-D-glucopyranoside) and which was synthesized by reduction of the carbonyl group of the flavanone is reported. The resulting assay has a detection limit of 0.5 picomole per 0.1 milliliter, is specific for the 7-neohesperidoside substitution on flavanones, and can measure naringin in crude extracts of plant tissues. This radioimmunoassay is compared with three other naringin immunoassays which use antibodies raised against two different haptens and different tracers labeled with "zSI or 3H. The applicability of the methods to the quantification of naringin and other flavanone neohesperidosides in citrus tissue is discussed.
Radioimmunoassay was introduced in 1959 (22) and since then has become one of the most widely used techniques in a variety of disciplines (1, 23) . Radioimmunoassays are unique in combining the characteristics of high sensitivity, excellent specificity, and high sample throughput with relative ease of performance ( 19) .
To develop an immunoassay for compounds of low mol wt (i.e. <5000 D), a hapten must first be prepared by covalently attaching the compound to a carrier protein (5, 19) . The site on the molecule chosen for derivatization and subsequent coupling strongly influences the specificity of the resulting antiserum. Therefore, the resulting properties of an immunoassay cannot be readily predicted because antisera from mammals are polyclonal, that is they consist of a mixed population of antibodies possessing different affinities for the antigen (1) .
A second major consideration of the RIA2 development is the structure of the tracer molecule (i.e. labeled antigen) which must compete with the free antigen for antibody binding sites. In general, the stereochemistry of the tracer should be as similar to the unlabeled antigen as possible and the modification of tracer structure has been shown to alter greatly the specificity of the assay (16) . The compounds (e.g. flavanone glycosides), whereas an assay of low sensitivity could be used in semiquantitative screening programs for altered characteristics such as decreased naringin production in grapefruit trees.
Naringin is an intensely bitter flavanone glycoside which occurs primarily in grapefruit (9, 14) and adversely affects the flavor quality of fresh and processed juice ( 17) . The bitterness of this compound is due to the linkage of a neohesperidosyl (a-Lrhamnopyranosyl-( 1 ,2)-3-D-glucopyranoside) residue to position 7 on the flavanone ring structure. The isomeric rutinosyl (a-L-rhamnopyranosyl-( 1-6)-(B-D-glucopyranoside) linkage, which also occurs in grapefruit, is nonbitter (8) and does not appear to contribute to flavor quality ( 17) .
Accurate quantitative determination of naringin in grapefruit juice has been important for the monitoring of bitterness levels. A colorimetric method (Davis test) developed to measure naringin in citrus products (4) does not distinguish between the flavanone-7-neohesperidosides and other flavanone glycosides. Other simple and rapid methods (e.g. UV spectrophotometry; ferric chloride method) are also highly unspecific because the presence of phenolics in the samples severely affects the quantitative interpretation of results ( 18) . More specific methods, such as HPLC and TLC (6, 7) have not been used routinely because they are either too laborious or expensive (17) . Thus, the RIA provided an attractive alternative.
We have developed immunoassays for the two major bitter principles in Citrus, limonin and naringin (1 1-13, 15, 20, 21) . These assays are simple, rapid, and sensitive and have greatly facilitated physiological studies on these compounds. Our present report concerns the substantial improvement of the RIA for naringin. In addition, during the development of immunoassays for this compound, we have observed that the characteristics of the assay (e.g. sensitivity and specificity) are greatly influenced by the derivatives used for the production of antisera and preparation of tracers. In this paper, we report on the preparation of a new tritiated radiotracer for use in naringin RIA and discuss the effect of naringin derivatization upon both antibody and tracer quality.
MATERIALS AND METHODS Chemicals and Reagents. Naringin (Sigma) was recrystallized three times from water and its purity confirmed by HPLC (6) . All flavonoids tested for cross-reactivities were obtained or prepared as described previously (12) , except for compounds XIV-XVII (Table I) The new tritiated radiotracer, prepared by direct reduction of naringin to obtain 4 [3H],4',5-trihydroxy-7-neohesperidosyl-flavan (henceforth called [3H]naringinol) was synthesized as follows: 11.4 ,mol naringin were dissolved in 0.1 ml N,N'-dimethylformamide (DMF) and diluted with 0.3 ml ethanol. Both DMF and ethanol had been freshly redistilled after treatment with excess sodium borohydride. Two mg of NaB[PH]4 (approximately 300 mCi) were added to the naringin solution and the reduction was allowed to proceed for 10 min at room temperature and stopped with the addition of 0.1 ml acetic acid. This reaction mixture was applied to 20 x 20 cm precoated silica gel G/UV254 plates (Macherey and Nagel, Duren, F.R.G.) and developed in CHCl3:acetic acid:H20 (3:2:saturated). The single, broad band of radioactivity, RF 0.2-0.3 (Naringin, RF 0.4), was eluted with methanol and stored at -18°C under a N2 atmosphere. Under these conditions, the tracer was stable for at least 2 years.
The reduction of flavanones with sodium borohydride followed by exposure to HCI gas has been used as a specific identification test for this class of flavonoids (17) . This treatment characteristically results in vivid red/purple colors due to the formation of an anhydrobase (18) but does not affect the glycosidic residues. To confirm the expected changes in naringin occurring by NaBH4 reduction, 100 umol of naringin were reacted with borohydride. The isolated product was hydrolyzed with 2 N HCI resulting in a bright red solution and, after chromatography, rhamnose and glucose were identified in the residue. UV spectrophotometric analysis of the reduced naringin showed the disappearance of the carbonyl group and indicated conjugation in the heterocycle since there was no shoulder in the 320 to 330 nm range. A single absorption peak at 285 nm was noted in the methanol spectrum. Addition of NaOH did not yield the characteristic absorbance of chalcones and the peak shifted to 278 nm. Thus, it is apparent that reduction of naringin by this method results in a stable 4-OH-7-,-neohesperidoside flavan.
Immunoassay Procedure. The RIA procedure using the [3H] naringinol tracer and the oxime-hapten antiserum was the same as that described for the [3H]naringin-levulinate RIA (12) with the following modifications: the antiserum dilution was 1:7200 NH2-4JC-NH-CH2-e-OH + NH2.A (0.1 ml of 1:800 antiserum added to 0.8 ml sample and buffer mixture); each assay tube consisted of 10,000 cpm tracer and 10-fold diluted calf serum; the (NH4)2SO4 precipitation reaction was carried out at 4°C for 2 h. The RIA procedure for the [ (Fig. 2) . Therefore, only the latter antiserum could be used with this tracer. An antiserum dilution of 1:800 (1:7200 for the actual assay conditions), bound 50% of the tracer and the tracer binding was inhibited by increasing amounts of unlabeled naringin. A standard curve is given in Figure 3 . This RIA can detect as little as 0.5 pmol/0.1 ml (5 x 10-9 M) naringin and measures up to 25 pmol/O. ml (2.5 x lIO-'M).
The immunoassay is highly specific for the 7-O-neohesperidoside substitution on the flavanone ring structure. When Citrus paradisi Macfad. cv 'Duncan' leaf or fruit extracts are refluxed in 2 N HCI, thereby hydrolizing the flavonoid glycosidic linkages, all immunoreactivity was lost (Fig. 4) . Conversely, base hydrolysis, which catalyzes the hydrolysis of flavanone-7-O-neohesperidosides to phloroacetophenone-4'-neohesperidoside (8), yielded extracts which were 70 to 75% as immunoreactive as the unhydrolized samples ( Fig. 4 ; cf Table I) .
Cross-reactivity studies with compounds structurally related to naringin further demonstrate the selectivity of this RIA for the neohesperidoside substitution on flavanones (Table I) of immunoreactivity. Thus, it appears that position 6 of the reduced sugar in naringin plays a critical role in recognition by the antiserum. Modifications of the aromatic ring structure of naringin, such as substitutions on the B-ring (e.g. neohesperidin and poncirin), elimination of the B-ring (e.g. phloroacetophenone derivative), as well as an alteration of the heterocycle (e.g. reduction to the flavones rhoifolin and fortunellin), all resulted in a less significant reduction in cross-reactivity than modifications of the glycoside residue (see Table I (18) , it has been found that naringin is produced most To demonstrate that the immunoreactivity of citrus samples was due to naringin, 25 grapefruit juices were analyzed by both HPLC and RIA. A high degree of correlation was found between the two methods (r = 0.975; Y = 0.98X -3 ppm, where Y = RIA and X = HPLC). The low coefficient of between-assay variation (Table II) demonstrates that the new RIA for naringin can be used for the reliable measurement of this compound in grapefruit juices.
Comparison of Tracers and Antisera for the Naringin RIA. The major parameters of the naringin RIAs are compared in Table II . The principle difference between the two anti-naringin sera is that in the diazo-hapten antiserum, antibodies could only (Table II) . This new RIA has a 17-fold higher titer and a 48-fold greater sensitivity than the diazo-linked antiserum RIA. The large difference in sensitivity and titer between the two antisera is not due to differences in specific radioactivity of the tracer (Table II) and contrasts with the nearly identical specificity shown by both assays (Table I) tracer equally. Apparently, the tracer is able to bind in the same conformation to similar subpopulations of antibodies present in both antisera. The iodine-based immunoassays using antisera raised against two different immunogens are 'group specific', reacting with 7-neohesperidoside substituted flavonoids rather than with naringin alone. It is apparent that, given the fixed antibody composition of the antiserum established in response to a given immunogen, the sensitivity and titer of the assay may reflect the differences in the antiserum, whereas the structure of the tracer will limit the types of polyfunctional antibodies that may react in the system. This establishes similarities in specificity or reactivity of structurally related molecules.
The differences in the antisera quality appears to be due to the antigenicity of the respective haptens. All seven rabbits immunized with the oxime-hapten responded with antisera of higher titers and greater sensitivities than those immunized with the diazo-hapten. Although variability in antiserum quality may be due to variability in individual animal response (10) (2) . Increases in specific radioactivity of the tracer have resulted in significant (10-to 20-fold) increases in sensitivity in other RIAs (3), but such is not the case here. In the naringin RIAs, the sensitivity appears to be limited by the antiserum affinity; the limits of assay detection parallel the estimated maximal affinity constants (Table II) . The differences in measuring ranges ofthe RIAs indicate that physicochemical differences between the tracers may affect antiserum avidity-or the 'tightness' with which the tracer is bound. Reduction of the carbonyl group on carbon 4 results in a tracer whose displacement by naringin occurs more readily than the other tracers (Fig. 5) .
The differences in specificity exhibited by the three oximeantiserum-based RIAs support the earlier statement that the tracer play a critical role in (Fig. 6) 
